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Project Summary

K large fraction of dissolved organic matter (DOM) Iin seawater is
composed of biologically refractory (hon-utilizable) substances. The
formation -and destruction pathways of this organic matter are still
unknown. One potentially important removal pathway that has not been
quantified is sunlight-induced (photochemical) break down of DOM in the
sea surface. Important breakdown products include biologically
utilizable compounds, especially low molecular weight (LMW) carboxylic
acids, formate and acetate, and a-keto -acids glyoxylate and pyruvate.
Therefore, we used organic acid photo-production in seawater as a tool
to evaluate the importance of photo-fragmentation of biologically
refractory organic matter in the sea. Laboratory studies, integrated

with a sea-going program, SOLARS, was used to establish a broad data

base for the spatial and temporal distribution of organic acids in
coastal and oceanic waters. With this data base, and associated
biological turnover and photochemical production measurements, we
determined that the photochemical production of these compounds, when
completed to their biological turnover, plays a major role in the
geochemical cycling in the sea.
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Photochemical source of
biological substrates in
sea water: implications
for carbon. cycling

David J. Kieber*t, Julie-McDaniel*f
& Kenneth Mopper*i

! Rosenslxel School of Maune and Atmospheric Science. University of

- N‘iaml 4600 chkcnbackef Causeway. Muam: Florida 33149.USA

DISSQLVED vrganic c'n'lmn (DOC)-in sea water represents one
of-the’ mrgcsl reservoirs of carbon on the carth’.Hie. m'\m fraction
of-this DCCis generally believed to he copposed of old?, biologi-
cally refractory miateriat¥such as bumic substances, for which the
removal mechanisms- remain largely unkvown. Qne potentially
“Important renfoval-process In tlic ocean.thai has iot heen imvesti-
-gated-is the photochemical breakdown of this DOCsin the photic
7one o form biologically Iabile- mg’mic products. -tlere we show
thatbiological uptake of pyrmvateis. highly corrclated to its-rate
of_photochemical produchon in sea_water(r =0.964), and that (he
photochemical- precursor(s) of pyruvate is from the fraction of
DOC having a-nominal molecular-weight of 500. Ihis is the first
cvidence that:photachemical breakdown of high-molecular-weight
masine DOC, which:ispresumably biologically refractory, resulls
In- {he-production-of a compound that is used by plankton as a
substrate. Qur resulls have important implications for (e oceanic
carbost-cycle, p'u'hcuhrly with respect” to plasiktonic-food-neh
dynamics and the. global carbon budget.

We collected -surface seawater samples from a variety of
coastal and oligotrophic stations (Fig. 1) during the SOLARS
{Study-of Light Activited Reactions'in the Sea), cruises. Details
of-sampling proccdurcs will be presented elsewhere (D.J.K. ef
al,-manuscript in. p.'cpar'mon) Briefly, we determined the bio-
Iuglc.ll uptahe of pyruvic acid by measuring its ambicat substeate
coficentration S, by high performance liquid chmnmtugr.nphy
and: dc(crmmmg the turnover time-r, of pysuvate at S usmg
lhd ‘respiration corrected kinctic afiproach’, lvpu.:l S, values
e ..};ul from 0.2 to 2.0 nM los ohgolroplnu slations and 0.9t0
6:2-1M for coastal stations. We added [2-"C] labelled pysuvate
to-unfiltered seavater samples to-obtain ((lluc\lh.\(mus in the

range 10- 120 nh; we added ghutarafidehyde to phrinvate contrals
trols to account for abiological processes (such az adsorplion
onto particles). We incubated the samples in acid washed poly-
-carbomte bottles placed in a water bath and exposed to <unlighl.
There is evidence that light inhibits uptake of organic sub-
strites™ nevertheless, the incubations were done under light
conditions because this most closely reflected-ambient: condi-
tions in surlaice sea waler. In cases where we made light-dark
comparisons to estimaie the magnitude of photoinhibition of
-uptake,-the light rates of pyruvate uptake were within 20% of
‘the corresponding dark rates (D.J.K. ef al,, unpublished results),
Samples werc incubited from 0.2 to 1.7 h at coastal stations and
from 3 to 13 h for oflshore sites in the Gulf Steéam and the
Sargasso Sea. We chose incubation times such that, in most
instances, the substrate uptike was-<T0% af the lowest sddition;
wéxmeasurcd the amount of Tabel assimilated as well as the
amount respired-ta carbon dioxide. The turnover-time is<the
~vertical-uzis intercept of the plot of the incubistion time divided
by the fraction of isotope ttken up s a Function of concentiation
of added pyruvate. Time.course upcrimculq performed at cach
station showed that lhc uplake of pyruvate ip all cases was linear
during incubutions” (DEK, of al, manuscript in preparation),
After determining S, and 1,,. we can caleulste the nptake raie
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FIG. 1 Map of sampling locations. Gulf of Maine. 5, Wilkinson Basin,
42°35.2'N,69°34.9°W; b, Ammen Rock, 42°53.8' N, 68°56.6" W; c. Monhegan
Island, 43%44'N, 69°19.2'W; d Acadia National Partk. 44°17.7°'N.
68710.7° W, Gulf Stream: ¢, 25°58.5'N, 79°12.5' W ,30°10.4' N, 79°33.8" W.
Sargasso Sea: g 27°214°N, 73°12.6'W: I 27°209 N, 73"149'W; i
2772124 N, 7°16.4 W. Biscayne Bay. Florida. £.-25°41.0 N, 80708.1' W.

of pyrusate V,, at the ambient substrate concentration from the
cquation:

¥ n =vsn/ ly

Concutrent with uplake studies, we exposed- 0.22-jum-filtered
scawaler samples to sunlight to determine rates of photo-
chemical production of pyruvate. lrradiations, ranging from -1
to 3 h, were carried out at midday between 10,00 and. 14,00
local time. Sample filtration has no significant cffect on photo-
ciiemical production tates of pyruvate when performed carefully
{such as gravity Rltration through a Whaunan GF/C filter fol-
lowed by vacuinm filtration through a 0.22-pan nylon filter ata
pressure dillereritial = 100 mm Hg)*,

Using data-from several field locauons, we plotted the uptake
tate of pytuvale at S, against its rate of photochemical produc-
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Determination of low-molecular-weight carboxylic acids
in aqueous samples by gas chromatograply
and nitrogen-selective detection of 2-nitrophenylhydrazides

i
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ABSTRACHE

A-gas chromatographic method was devcloped for the determination of low-malccular-weight cathoxylic acids in
aqueous samples- based on a -denvatization procedure compatible with agueous solutions. The techniguc “uscs

nitrogen-sclective  detection with a  thermionic-specilic detector after derivatization of carhoxylic acids as 2-
nitrophenylhydrazides. The hydrazides-were extracted with cthyl acctatefdf injection into the gas chromalogeaph. the

derivatives appear to be stable in cthyl acetate at 0-5° C for.long periods and, therefore, can be stored for analysis at a
Tater date. The detection limits of different short-chain acids-are-in the sange 0.8-1.4 pmol-per-injected sample. -ihe
relative standard deviation is less than 10% at the 1.pM level. Examples of tire use of the mcthod nre given for.the
determination of. carboxylic-acids-in anoxic marine scdinient pore watess, coastal sea walter- and” Black Sea-waler

samples.

Keywords: Carb’oxylic acids; Waters-

Low-molecular-weight carboxylic acids (ali-
phatic, short-chain, C,;-Cs) are important
metabolites and- jntermediates in  biological
_processes and_are widely dispersed in the environ-
ment, including aquatic bodics and sediments.
Several gas (GC) and liquidfchrom:\logr;'\phig (L.C)
methods have been rscported for their detennina-

Jtion at low nanomolar to micromolar concentra-
tions in aqueous samples. lon chromatography
Icombined with conductivity- detection can be used
for .analysis of selatively clean matrices such- as
rain-[1} and glacial mclt waters [2), bu('iis not well
suited for complex -ionic -matrices such as sca
waler or sediment pore water. Mcthods based on

* Prescnt address: Environmental Cliemistry Division, Depart-
ment of Applied Science, Brookhaven National Laboratory,
Upton, NY 11973,
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clectrophorcsis, such as. isotachophoresis [3] and.

‘capillary zone clectrophoresis {4] have also-been
used, but their detection limits are usually higher
than-those of chromatographic methods. GC and
I.C methods -usually require chemical derivatiza-
tion of carboxylic acids to enhance delcctability,
chromatogeaphic scparation_pnd” solute volatifity.
For GC, carboxylic acids have been converted to
alkyl esters such as methyl [5), benzyl [6,7] or
pentafluosobenzyl esters [8-11]. In LC methods,
derivatizations with absorbing or-fluorescent labels
such as p-bromophenacyl bromide {12], penta-
‘flurobenzyl bromide {13] or coumarins [14] have
been commonly wvsed.

In almost all previous studies, it was nccessary
to usc a phase-transfer step prior to the derivatiza-
tion of carboxylic acids because an  organic
medium was required for -the labelling reaction.
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Free amino acids in marine rains:
eviderice for-oxidation and

potential role in nitrogen cycling
Kenneth Mopper-&-Rod G. Zika

University of Miami, Rosenstiel School of Matine and Atmosphernie
Science, Division of Marine and:AMtmospheric Chemistry,
4600 Rickenbacker-Causeway, Miami, Florida 33149, USA-

Previous studies of dissolved organic nitcogen (DON) in precipita-
tlon have addressed various aspects of nutrient transport and global
nitrogen cycl!ng!. In-most of these studles however,-the-detailed
chemical-composltion-of DON was not determined.-Analyses of
spectfiz organic nitrogen compounds within precipitation can yield
new Information -about sources and transformations of-DON as
well as about heterogeneous oxIdatire processes in the atmosphere.
Dissolved free amino acids (DFAA) are a class of compounds for
which surpnsmgly few anniyses In precipitation_have-heen pub-
lished". We report-here the-first detailed analyses of DFAA and
primary amines in marine rains. Unexpectedty high concentrations
of total DFAA were measured, averaging about 6.5 1M (16 marine
rain -samples). and ranging from 1.1 to 15.2pnh (0.015 -to
-0.21 p.p.m.N); these values are similar to those obtained- for
Inorganic nitrogen species’. Amino acids are predominantly found
in _raln as-their-L-optical isomers and therefore are most likely
blological in-origin; however, the exact-sources and-niodes of
enrichment in rain over the open ocean-are not -known. There is
evidence that some-of-the:amino acids; in particular methlonine,
-are oxIdized in the atmosphere possibly by a heterogeneous pheto-
chemical pathway. The finding of-high DFAA and-primary amine
concentrations f.. marine rain may have important, implications in
global nitrogen cycling and also may con(ribule‘locnlly to available
nitrogen at the sea suiface. ,
Rain, air, and scawater- s1mplcs were analysed at sca for onc
ear dunng four-recent cruises and at the home laboratory in
‘lnml as-part-of the SOLARS programme (Studies-of Light

Activated Reactions-in the Sca). These cruises were located in
the Gulf of Mexico (RV:-Cape Florida) and in different locations
in the northwest Atlantic Occan (RY Columbus Iselin) (Table
1). Amino acids, primary amines and ammonium were analysed
on board by high performance liquid chromatography in con-
junction” with-precolumn fluosescence derivatization-with-o-
phthalaldchyde and a-thiol’. For some samples two different
thiols, 2-mercaptocthanol (ME) and N-acelyl-L-cysteine
(NAC), were- employed in scparate derivatizations. This-was
done to verify the identification of specific amino acids, since
the thiol used in the-reaction greatly alters the chromatographic
selectivily of the fluorescent derivatives. In addition, the use of
NAC results in the separation of £, and b enantiomers® add also
permits more sensitive detection of ammonium than ME. Secon
dary and tertiary amines cannot be determined by this technique.

Extceme care was exerciscd to eliminate contamination during
sampling. Rain samples were collected with acid washed- glaﬁs
funnels and bottles that were rinsed scveral times with.rain
before the actual samples were taken. Air was s1mplcd using
an all glass i xmpmgcr filled with dcionized v.atcr -the airflow
was 1-2litre min™’ and- 1pproxmnlcly 0.1-0.2 m* of unfiitered-
air were sampled. Most rain samples were analysed unfiliered
and within onc:hour of collection. Several samples were filtered
(0.7 um glass fibre or 0.2 pm -membranc) and stored frozen.
Filtration and freczing were found not-to alter significantly the
composition of samples. A summary of the results-and back
ground information on a few representative rain and airsamples
are given in Table 1; detailed DFAA and primary amine compo-
sitions of these samiples_are given in Table 2. Concentrations
up to 15 pM were observed in marine rains. Procedural blanks
(deionized water or-sea water put through the aboe.collection
and sample handling procedures) showed no evidence of zmino
acid contamination from cither the sampling personnel or the
ship. Furthenmnore, the sample handling and derivatization pro-
cedures were identical to those routinely used-on the samie
cruises for the determination of DFAA-and ammonium in sca-
waler, where total concentrations were2-3 orders of magnitude
Jower than, in most marine rain nmplcs (Table 2).

The DFAA pattern of marine rain is-dominated by glycine,

“Table {

Amino acids, piimary amines, ammoaium and background data for rain and air snmplc;s .
L Prevailing  Amino  Primary .
Local Time  wind acids-  amines-  NH] NOy cr- S0 1,0,
Sample Date Location (33))] ditection (M) (1ebM) (M) (M) (M) (M) (1)
Gulf of Mexico
9/16/85 26°22'N 19:30 NNE 13.22 0.10 13.24 18 3,024 191 386
89°52°'W
D 9/19/85 24°38'N 12:47 E 15.17 0.08 ND ND ND ND 20.2
8257' W '
i Mianzi, Florida
F 10/2/85 Miami 11:00 SE 0.61 0.25 1.2 282 3,945 366 ND
13 . 17:10 NwW 0.39 0.035 379 30 82 12 ND
1-3 Hydsolysis 17:10 3.03 132 13.14 ND ND ND ND
Northwestern Atlantic Qccan
03 2/23/86 25°55' N 22:55-23:21 Sw 10.80 134 1300 1,169 666 52 84
78°13' W
Q- 2/26/86 2031'N 10:25-10:30 N 491 0.22 16.36 80 883 70 18.7
68°44" W
T 6/22/86 26°46' N 05:45-0¢:00 E 171 0.12 2.81 23 206 ND ND
7524’ W
U 9/26/86 26"30'N $19:00-19:05 E 4.04 0.65 17.52 ND ND ND 80
76°04" W
Marine air 1t 2/28/86 137 12'N 11:45-16:40 B 218 0.022 1.08 527 265 29 ND
G604 W |
Surface 10/25/86 26"30°N 14:40 E 0.062 —_— 0.42 ND ND ND 0.012
sca water (pM) 76°04' W

1Y, not detenmined.
* See rel. 17,
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ABSTRACT .

Kicher, D.J. and-Mopper,-K., 1987, Photochemical formation of glyoxylic and pyruvic acids in
seawater. Mar. Chem., 21:-135-149.

Glyoxylic.and pyruvic acids were formed-when filtersterilized seawater was exposed to solar
radintion.-Production rates varied from samples collected from distinctly different regions of the
sea, Humic-rich seawater from-the Florida Bay exhibited net photochemical production rates

_ (glyoxylate, 27.5nM/W-hm~2; pyruvate, 12.9 nM/W-hm?) that were significantly greater than net

production-rates for humic-poor water-(glyoxylate, 3. 1uM/W.hm?;.pyruvate, L8nM/W.hm"?)
-collected in the Gulf Stream. When seawnter was not filtered, the concentrations of glyoxylate and
‘pyruvate were found to undergo diurnal variations resulting from an imbalance between biological
_and photochemical processes.

A depth profile of the glyoxylate concentration from severnl occanic stations showed a pronoun.
ced daytime maximum in the upper 10m; this finding is consistent with Inboratory results that
demonstrated that glyoxylate is formed photochemically in seawater. Pyruvate, in contrast, show.
cd no clear trend with depth; its distribution in the water columsn may be primarily-controlled by
“biologicai-processes rather than by photochemical processes.

Biological processes are generally thought to control the spatial and temporal dists oution of.
simple arganic metabolites in senwater. Our resulis show that phatochemical processes may nlso
:bd.impartant in the marine eycling of some biochemical compounds.

"!!"rmn)uc'non ;

‘Sunlight penetraling the sea surfacejcan promole transformations of dissol-
ved organic matter (DOM) -in the photic zone. In particular, sunlight can
initiate -condensation reactions leading to the formation of marine humic

_substances (llarvey et al., 1983; MomzikofT et al., 1983), and can induce a

variety of primary and secondary photochemical reactions yielding small,
-oxidized organic and inorganic producls such as aldehydes and ketones
(Mopper and Stahovec, 1986), or carbon-monoxide (Conrad and Seiler, 1980).
‘Significant oxygen-consumption_can result from these photoprocesses (Laane
et al.,, 1985). However, as indicated by a recent review by Zafiriou (1983), our
present understanding of the nature and rates of these photoprocesses is still
quite rudimentary.

‘Photochemical transformations of DOM may have an important impact on
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Short Communication

Determination of nanomolar Jevels of formate in natural
waters based on a luminescence enzymatic assay

GRAHAM M. VAUGHAN and KENNETH MOPPER *

University of Mrann, Rosensticl Schoal of Merme and Aunaspherse Suchie. ‘l)n'umu of Marine and Atmospheric Chemistry. 4600
Rickenhacker Causeway. Miwni, FI; 33149 (U.5.4.)

.{Received 17th August 1989)

ABSTIRACT

A hight-producing reaction utilizing thrce enzymes, bactarial uciferase, formate dehydrogenase md diaphorase, can
be used 1o determine formic acid in natural waters at nanomolat concentrations. The method is rapid and wonvenient,
requuimg no-preconcentration, desalung or derivatization proceduses, Determinations can he done on smiall sample
volumes (25-p8) at room temperature and pH 7. The predision (lc—?gxlivc standard deviation) for sca water samples
containing LO gM fonnate was 9.0% (17 = 15). The reaction is specific for formate with a detection Jimit of 20 nhM
(signal-to-noise ratio = 3). Results for applications of the mcthod to sea, estuarine and sain water ase given,

Formic acid and other volatile fatty acids-play
important roles in atmospheric-chemistry and-bio-
chemical pathways. Formic and acetie acid are
formed- by photochemical oxidation in!the atmo-

lsphcrc [1]. and are known to=be impdrtant sub-

strates for bacteria in oxic and anoxic sediments
land pore walters {2,3). Volatile fatty acids are a
» potentially important component of; dissolved
organic matter in sea water. In the Iast decade,
exlensive research has been-done to c}mmclcrizc
dissolved organic matter, which plays an im-
portant 1ale in chemical and  occanographic
processcs. v

‘The determination of trace levels of volatile
fatty acids. in particular formic acid, in aqucous
samples has proved a difficult-task owing to their
high solubility and volatility. They are also not
easily extracted or detected. Natural waters give
rise to further dilficulties, especially where the
sample matrix is cither saline or variable in jonic
background and contains many other trace organic
compounds. Methods which work for rain in gen-
cral do not work for other natural walers, cspe-
cially sca water. With very few exceptions [4,5].

0003-2670/90/503.50  © 1990 Elsevier Science Publishers 1.V,

levels of formate in-sea water, which are expected
to be in the pM to nM range, have not been
icported a» existing methods do not have the
required scnsitivity. Most methods. also involve
cither complicated, time-consuming sample pre-
paration or have insulficient seasitivity or sclectiv-
ity. -Dircct detection in natural water samples by
chromatographic techniques is pronc to inter-
ferences, mainly from inorganic salts, which in
turn reduces the detection limit. Commonly used
gas chromatographic methods involve concentra-
tion, extraction and derivatization steps [6-8].
lon-exclusion chromatography with conductivity
detection suffers from anion interferences which
mask the formate peak at the levels expected in
sca waler [2). Reversed phase liguid chromatogra-
phy (RP-LC) is subject to low retention and poor
detector response (UV and refractive index detec-
tion). Derivatization with chromophores [9 11]
an help overcome this, but high-blanks still cause
major problems. A recent LC method described
by Miwa ct al. {11] and adapted for sca waler
samples [12} can detect formic acid and other
volatile fatty acids at low micromolar levels, but is
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Determination of Formate in Natural Waters by a Coupled
, ’Enzymatic/—High-Perf'ormance Liquid Chromategraphic
“Fechnique l

Ll

’ .x\;id J. Kieber,* Graham M. Vaughan, and Kenneth Mopper

-University of Miami, Rosenstiel Schoal of Marine and Atmospheric Science, Dunsion of Marine and Atmospheric
Cheniistry, 4600 Rlcl'enbacker Causeway, Miami, Florida 33149-1038
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An- enzymallc method was developed to quanu{y formlc acld
In nalursl waler samples at submlcromolar concentratlions.
The melhod Is based on the oxIdalion of formale by formate
dehydrogenase wlth corresponding reduction-of f-nicolin-
-amide adenine dinucleotide (§-NAD?J to reduced S-HAD*
-{-NADH);--NADH Is quanlifled by reversed-phase high-
perfonnance llquld chromalography with fluoromelric delec-
tion. An imporiant feature of this method Is that the enzy-
malic reaclion occurs direclly In aqueous media, even sea-
water, and does nol requlre sample prstmatmont olther than
sample fiitralion. The reaction proceedsf at room lemparalure
sl a slighlly elksllne pH (7.5-8.5) and [s speckic for formale
with- a delectlon limlt of 0.5 uM (S/N = 4} for a 200-uL
InJoclion. The preclsion of the method was 4.6% rolalive
standerd deviallon (n = 6) for & 0.6 uM standard addition of
formale {o Sargasso seawaler. Average recoverios of 2 ufg
addilons of formale lo seawaler, porewsler, or raln were 103,
103, and 87%%, respectively. Inlercalibration with a Dlonox
fon chromalographlc system showed an excellent agreement
ol 88%. Concenlralions of formale presen! In nalural sam-
ples ranged from 0.2 to 0.8 uM for Biscayne Bay soawalor,
0.4 to 10.0 uM for Miami rain, and 0.9 lo 8.4 uM for Biscayne
Bay sedimsnl porewater.

Tl.ere is considerable interest in the sole of formic aud and
other volatile fatty acids in the catly diagenesis of orpanic

malter in lacustrine and marine sediments (£, 2). Formicadd .
is an impostant fermenlation product or substrate for many |
acrobic and anaerobic bacteria and for some yessts (3). In
the atmosphere, formic acid is an xmportant product in the

_photochemical oxidation of organic matter (4).

Despite its potential importance, formic acid has proven 1
difficult to quantify at submicromolar levels in natursl water
samples. Formidable analytical difficulties are associated with
its detection in highly sline samples (5). Ion exclusion, anion !
exchange, and reversed-phase high-performance liquid chro- ;
matopraphy (RP-HPLC) techniques based on the direct de-s '
tection of formic acid in aqueous sanples are prone lo m-i
terferences (especially from inorganic salls) thst ultimately [
limit the sensitivity of these methods.

A potentially more sensitive and selective spproach involves
renclion of formic ncid with o rengent to form a chromophore
or fluorophare, followed by chromatographic analysis. A wide
variety of alkylating and silylating reagents have been used
for this purpose (6). Two serious drawbacks to this approach
oare that inorganic salts and/for water interfere with the de-
rivalizntion reaction, and these teactions are generally not .
specific for formic acid or other carboxylic acids. These
techniques ate prone to etrors from adsorption losses, con.
tamination, and decomposition of the components of intesest °
(9. Enzymalic techniques, in contrast, are jdeal for the
annlysis of natural water samples, since they are compntible
with aqueous medin and involve little of no chemical or
physical alterations of the sample {e.g., pll, temperature) that
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